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BOUND/iET— LAXER MOMENTUM EQUATIONS 
FOB THKEE-DIMENS IONAL FLOW 
By Neal Tetervin 

SUMMAE? 


Boundary— layer momentum equations for the t hree-dimeno i onal flow 
of a fluid with variable density and viscosity are presented in a 
form, similar to the momentum, equation for two-dimensional flow. The 
momentum equations can be reduced to the forms. of the three- 
dimensional momentum equations that have been given recently by 
Prandtl for a fluid with constant density and viscosity. When the 
flow becomes two-dimensional* the momentum equation first given by 
Von T^R.-vraAji results. For flow in a convergent or divergent channel 
the equations reduce to the equations previously given by A. Kehl 
for a fluid with constant density and viscosity. 


INTRODUCTION 


Recently there haB been an -awakening of interest in the problem 
of three— dimensional boundary-rlayer flow; that is* flow where the 
velocity and static pressure outside the boundary layer are functions 
of two independent variables. In the usual two-dimensional boundary- 
layer theory for flow over slightly curved surfaces* or over bodies 
of revolution* the velooity and static pressure outside the boundary 
layer are functions of only one independent variable, 

A case of three-dimensional boundary— layer flow that is of 
particular interest, at present is the flow over sweptback wings for 
whioh the outer flow velocity and pressure gradient have a ocmponent 
in the direction of .the chord and a component at right angles to the 
chord and in the direction' of the span. 

Except for a .paper by Prandtl (reference l) that reoently 
became available* no literature concerned with the theoretical aspect 
of the problem is known. After giving a. form of the boundary-layer 
momentum equation for the three-dimensional flow of an incompressible 
fluid with constant viscosity, Prandtl. discusses a program based on 
the momentum equation. The program has as its goal the formulation cf 
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a method for computing the characteristics of laminar boundary layers 
in three dimensions that is similar to the Pohlhausen method for 
two-dimensional flow (reference 2) and a method for determining the 
characteristics of turbulent . boundary layers that is based on 
experimental data. 

The computing methods for both laminar and turbulent boundary 
layers in three— dimensions should be able to use a boundary-layer 
momentum equation in the same manner that approximate methods for 
computing laminar and turbulent boundary-layer characteristics in 
two-dimensional flow (reference 2, 3, and 4) vise the von Harman 
momentum equation (reference 5). The momentum equation, in addition 
to serving as a basis for approximate methods, should also suggest 
parameters to be constructed from experimental data for three- 
dimensional boundary— layer -flows 

Because -of the interest in ‘the boundary-layer problem for three- 
dimensional flow at large as well as at small Mach numbers, it 
seemed desirable to present a boundary-layer momentum equation in 
three dimensions for a fluid having variable density and viscosity 
in a form analagous to the momentum equation fo.r two-dimensional flow. 


SYMBOLS 


P 

t 

P 

x,y,z 


S 

u,v,w 

q 

f 


density 

.coefficient of viscosity 
time 

statia pressure 

three mutually perpendicular coordinates, Cartesian 
system 

nominal thickness’ of boundary' layer 

unit vectors along x— , y— , and z-axes, respectively 

components in the directions of x— , y— , and z-axes, 
respectively, of velocity inside boundary layer 

resultant velocity vector (iu + jv + kw) 

body foroe vector per .unit mass' (iF x + JSy + kF z ) 
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V 

l 

u 5^ v 8 

V 

V 5 
P8 . 
8* 


XX. 


* 


yy 


*sy 


’yx 


del operator ( r 

vorticity vector pTr^ — + k/^2l _ dlk'''') 

r\oy 3z J . bxj Vdx dy/ 

ocmponents in direction of x— and y-axes, respectively, 
of velocity at outer edge of "boundary layer 

resultant velocity inside "boundary layer 

resultant velocity at edge of "boundary layer 

density at edge of boundary layer 

boundary— layer displacement thickness composed of velooity 
components in redirection 


( fVx--*>) 
\Jo V Pa“aJ j 


boundary— layer momentum thickness, composed of velocity 

n 6 


component s in redirection 


G 



boundary— layer displacement thickness ocmposed of velocity 

/ P8 . 

P&W 


components in y-*» direction 


JoC 1 


boundary— layer momentum thickness composed of velocl 

' n 8 


components in y —direction 


-2l_ (\ „ ,x\&z 
0 p S T 8 \ v 8 / 


-Pa . 
JO P5 U 8 


— -2-^dz 


C 1 -" 

’'B / v 

-a-f i-^V 

0 P5 Y 8 \ u 8 J 


a 


angle between direction of projection on r— y plane of 
resultant velocity inside boundary layer and r- ax Ls 
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angle between .direction of projection on x-y plane of 
resultant velocity at outer edge of boundary layer and 
X-axis 

boundary— layer displacement thickness. for a independent 


of z 


\ °° \ P S T 8 1 


"boundary— layer momentum thickness for a independent of z 


5 pY / Y \ 

ll-r Uz 

0 P 5 V 6 V / 


resultant surface shear acting on fluid 

t - ‘ 

component in X-direction of surface shear acting on fluid 
component in /-direction of surface shear acting on fluid 


distance measured along direction of flow in cases of 
two-dimensional flow 


+"yk ) 


radial distance from origin, always positive \\fx + y' 


length of diffuser measured from fictitious intersection 
of streamlines 

constant, greater than' all values of r^> for flow in 
converging channel 


stagnation pressure, incompressible flow 
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* 

h oonstant length greater than' S, quantities with subscript h 

are equal to quantities with subsorlpt 5 

Subscripts: 

0 at surface of plate 

1 quantities for flow in converging channel 


' • DERIVATION 

Boundary— Layer Momentum Equations for Three-Dimensional 'Flew 


The fundamental equations of flow (reference 6) are the 
equation of continuity which may be written as 

. + v *-pa «= o (i). 

1 

and the equation of motion of a fluid With variable density and 
visoosity which may be written as either 

_ ' v " f ' 

P || >= p E - Vp + M-(V‘V)q + ~v(v*q) + 2(Vp*V)q 
* r 

+ w x[ - |(v»a)v u ( 2 ) 


orj by using the vector identity 

vxf- V(7«q) - (V.V)q 
. / 

i 

as 

p = pi - VP - U(V X f) + ^(V*q) + 2(Vu»V)q 

+ Wxf - |(^*q)^ \i 


( 3 ) 
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Because the flow is assumecLto-he steady 

M—i = o 

St 

and hence the equation of continuity ‘becomes 

v *pa = o . (h) 

and the acceleration vector becomes 



Cf*y)q 


Jn the rectangular system of coordinates shown in figure 1 and used 
ill the subsequent analysis, the acceleration vector is; 



7 ; p = I 1 & + k 

* Sx By Bz 

7^ - to) * - to) 

y x : i /^5 l _ _ §Si + \ + 1 /fr _ dfv ^ Bfv + B^ ^ 

v^ySx Sy^ Bz§ BzBx/ ^zSy Bz.^ By^ . Bx&y/ 
* ‘ . - * 

+ wI^Sl „ °3i _ sjV + aV\ 

\BxBz; Bx 2 By 2 ByBfc/ '■ x 


/ 


¥ 
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V-l 

v(v-5) 

w 

W* 7( > 
(w*v)i 

vix x g 


5u Sv &ij 

, 5 x 5 y 5 z 


\5x^ 5x5y 5x5 z ) \5y5x 5y2 5y5z/ 



a y sz a?y 


= l-^ii + 3 ^ + k^ 
5 x 5 y dz 


3 jf 5 ( ) + 54 5 ( ) + o 4 5 ( ) 
5 x 5 x 5 y 5 y 5 z 5 z 


J /^£i s!i£ + + £*4 cttjA ^ Z^'54 5v + 54' 5v + 5 m- 5v\ 

\5x 5x , 5y 5y • 5z 5z / \5x 5x 5y 5y 5z 5z / 


+ 5 w + 5 fci 5 yN 

\ 5 x 5 x 5 y 5 y 5 z 5 z J 


-- l- 


5u / 5v _ 5u 
5y \5 X &7 


. — 5 v~\ 

5 z \5 z dx / 


+ «3 


Sii / 5 w _ 5 v\ _ 5 j± / 5 v _ 5 tA 
5 z \ 5 y 5 z y 5 x \ 5 x , 5 y J 


+ k 


& 

5 x 


/§u __ 5 v\ _ 5 ji / 5 v _ 5 y\ 
\ 5 z 5 x J 5 y v^Sy 5 z) 
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v** ‘ r £ (£ + 1 * if ) + * £(£ * % * If) 


+ k Stt 
dz 


/|b , + dx.* &A 

■\ox dy . dz/ 


By use of the foregoing relations the components of the equation of 
motion become; 


Along the x-axis: 




d^v _ 5% „ o 2 ^ . 5 s v \ 
v dydx dy 2 %zZ dzdx/ 


& ^ + d 2 v d^w \ 

3 \dx^ dxdy dadz/ 


+ 2 + ^<^ + ^du\d^^_du\ 

\dx dx dy dy dz dz / dy \dx dy/ 

- AH _ dv\ _ 2 dH /o u . dv . dv\ / = \ 

dz \dz . dx } 3 dx \dx dy dz/ 5 


Along the y-axie: 


’(»£"£*’ If) 



{ d®w 

d g v 

d g v 

dy 

\uzdy 

dz 2 

dx 2 

„ ^ d 2u 

, d 2 v , 

d 2 w N 


^VSS* ' 

f SyS" 

dydV 


/Sji S2 + 

akAi 

+ £J± &1 

~\ + 

\ox dx 

dy dy 

dz dz 

) 


- Ax 2 dii/su + djr &vA (6) 

dx\dx dy y 3 dy \dx dy dz/ W 
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Along the z-axis; 




T *" ’ 

Sp ( b^-v &2 7 \ ■ . ' j 
- 5J - “ (SSi - - ijs + SS5V;. :;;: 


!•( 


. 3^7 . 

.S5S + Sy5a + S7V 


V 5 x £x oy dy oz oz y ox\pz ;-ox/ 

■ . 5 J* t v 'A 

_ &±/£k _ fcx \_ 2 ^ Au . §v , &hY- r 7 \ f 

. .. S?VSF ST/ 3 9*^ *« a */. u % 

- . •* r ' » 

In common with the boundary-layer theory for two^cLiJnensioijal 
flow (reference 7 ) the quantities u, v, x, y are assumed to he. of ;; 
the order unity, the quantities w and z ■ of the order 8 where "S' 
iB small, and e/o of the order of S 2 . It is also assumed that* .. • 
the radii of curvature of the plate and of. the streamlines in the .. . 
direction of the z-axis are large compared with the thickness of the ;;5 
boundary . layer . f > " • 

* , 

Then, when all quantities of the order' of 8 to the first or-" 
higher powers are neglected, the equations of motion, oquatlons ( 5 ), (6\ 
and (T), respectively, become: 

Along the x-axis: . 

p(ug-| tw |) = p, x -|| + ,g +2 |t|H_|E|| « 

Along the y-axis: 

p ( u ii. + V ^ + W '-^) =pF ?-5y If ~ If li ' (9) 


Along the z-exis: 


0 s P F z " |f 



If.it is now assumed that the body forces are negligibl^.-ccji^iared with the pressure and 
viscous forces in equations (8) and (9) and that the "body force in equation (10) produces a 
negligible static pressure gradient across, the boundary layer; -.then equations (8), (q), 
and (10) become the boundary-layer "equations ; which.; are: : . * 


Along the x— axis: 


y 8x 8y . 8z 


. dx 8z^ oz/ 


Along the y-axla: 


/ 5v 

p(M — + 

\ & 


chr dv\ 

V + V ) 

ay av 


ay as \ oay 


Along the z-axis:- 




The , boundary— layer momentum, equation in the direction of the x— axis is obtained i»y 
^integrating equation (id) in the z-direotion and by using the equation of oontinyityy- 


eqiation (4), V.pq * 


+ ^2? - o. Hie result Is: 
as 


fig PB n B. ’o „ x 

a < r, ala a - an /au \ 

® pU^to-US^I puto+gy pOTte-US^ pTto^-Og-PpI^ j 

Jo Jo Jo uo x ' 


I 


I 


‘9H KB. YOVtf 



•• > 


The corresponding boundary— layer momentum equation In the direction of the y-exio ie: 


k P Tto +^ puvto-r^ pute 

» n Ln ia \/Q 


I-f It Is assumed that the viscous stresses are negligible outside the boundary layer," 


— J.T — *i t ~ ~.i — J.J 

tu_iu. oxio iujjuwiii(j nuua.uj.una 


r & / 

i wii ✓ ,, \ 

5/ = r 1 - -S2-^ da 

Jo V P5 V 

T = u 

« °\j5z /O 


-E2L / l - — \ dz 

PB V 8 \ u 6 / 
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are introduced, equation (13) may "be written as I 
l£s g^ s + ps u $ ^ 8/ + + 08 v 5 ^6 y - T 0X (13a) 


where the component, along the x-axis, of the equation of motion 

for invisoid flow with = 0 > 

02 

t 

3u§ dug dp 

T* aT * P8V6 w ’ ~ s 

has "been used outside the boundary layer. 

If it is again assumed that the viscous stresses aro negligible 
outside the boundary layer, and the notations 



are introduced, equation (llf) may be written ass 


SfigSLiEg + PR v r §2 S * 

P86 sy y 


dx 





> 


/ 


* 


where the component, along the y-axls, of the equation of motion for Imrleold flow 

with ^ « 0 
oz 


dvft 5 tf. op 

PS^B ^ + P B V 3 - - 5 


has "been used outside the boundary layer. 


If the terms are separated bo that each derivative contains only one term, 

a/tno+' l l rtrtn f 1 Oq *1 o'r.A / 1 lin \ ■mo it \sn Tryn •H*o , n oat 

U^MUl/AVWU UUU ^ / WW-j WVJ HJ.AUUVJ,* UW « 


bx 


+ 0„ f%L±£ + it |P£ V is 

\ up, Sx p 8 sx y u 8 


* 

5y - 

Se 7X | + 1 * u 8 1 &v 8 , JL_ dP8 


1 


bv 


*5 


cl7 v R by p R Sy ; 


T ox 


OrUr 

’ V ^ 


j£g + 9„^5ct,. g . „ ia + a. ^ + 2* 

dy *" ^ V 8 ay pg ay / v 0 


5Sst + ej 

dx V & 


av 5 t ! au 5 ] 

dx" ug dx 


■JL , 

PB "Sx " j 


.V 


= 

fc: 

PS V & 


Equations ( 13 a) and (l4a) or (13h) and (lift)) are -the three-dimensional boundary— layef momentum 


Artiifl-h^ nna 'Pay* fl/’wm’vvaflol'hlo -P lry cr attat* «. '-P'lsrh at* flU ghf .lv /rn-mroil ml «4-ai 

*Vih v VMM.!. , i.y il » V* ** -4 !•■ ■ «— w ww »f , i,i i | ^ « V .1 ■ • w\«* ^^MUV 1 


(131>) 


(14b) 


H 

uo 
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Reduction of the Equations ( 13 ) and (14) to the 
Equations Given by Prandtl (Reference l) 

The equations (X3) and (l^) can be reduced to the momentum equations given by Prandtl 
(reference 1) by making certain substitutions. The first substitution is to change the 
upper limit of the integrals from 5 tor h, where h is a constant length everywhere 
greater than .5, by using ' ” 

- P8 

• ■' / ^ j_ 

■ \ i «».. 

do 

Equation ( 13 ) then becomes 

fn 

| puv 4z 
JO . 

1 •- 




/ > 

Jo 


”*h 

/ \ 

v ; uz. 

J» 



- p 8 t b (h _ 8 ) * h g + (5 - J.) |£ - - „ 0 (j^ (130) 

when the ccsnponentj along the x-axis , of the equation of motion for inviscld flaw 
with p 0 
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H t 


. 3 wa . _ 

P5*3 p 5 v 8 


9ws a _ dP 

dy &c 


is need for. z > 5, equation ( 13 c) bee canes 

„ p* , r h p» 

O CS „ • O , 

— pU^ (IZ + r- pUV dZ - U S 


(W + t) 


dz „ b |£ » _ u o 


■When UBe is made of the equation of oontinuity (equation (4)), equation ( 13 d) maybe vritten ^ 


n h Ph 

d o’ 9 , 

.■■see pu dz . + 3y 

vJO vfO 


pUV ds + u 8Pti w h + h 0 - **0 (gl' )o f .V 


I 

’■ 1 


^ ‘ r * V *#» 

If the density and viaoosity of the fluid are new assumed to. he oonstant, equation (l3e) 


beo ernes 


q \& ^da+^r I - ut dz + UsV t j + H§“" T 


\ t #0 


uo 


, v, w _ 

+ n «= 


..1.4 onimMnn ( 7 \ r\- P T’af’RTVaTVl A 1- 

VIJlJ.VJJ.1 J.O oyj*** wj-v** .\«*v wj..*w*v.w»«v — » 


- 6ilfi -' Ofi £LL ?OVK 
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In order’ to obtain equation (2) of reference 1, the assumption 
of constant density and visoosity is made in .equation ( 13 d) and 

is replaced by 

£p . Sv & 

§x 3 .T P& u & *sr - P6 V & *§£■ , 

■because Bernoulli* s equation 



is used for the flow for z > S. Equation (13d) can then he 
expressed in. the form 



If use is now made of the fact that the applicability of Bernoulli’s 
equation for n >■ 8 implies that the vortioity is zero for z ;> §, 

or sia.ia »'0 for z > 6, then equation (l3g) becomes 
3y dx 



which is equation (2). of reference 1. 
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\ 


By a similar prcceBB equation (l^) can be reduced to the 
momentum equation for the y— direction given hy Prandtl. 


Reduction of Equations (l3h) and (l4b) to the 
Two-Dimensional Momentum Equation 

It is of interest to show that equations (13b) and (l4b) 
reduce to the two-dimensional momentum equation when the flow 
becomes essentially two dimensional. Eor this reduction, the 

definitions for 8^, Q rjt 9^, 9^, and Sy" are written 

as follows : 


5 xx 


SL 


coe a 


Jo ,P6 V 5 003 ®B 

PS 


( ; 


' 9. 


yy 


yx 


■f - - 

xy 


. # 


Jo 


■ qY sin a 


P5V5 sin Og 


P 8 

pY sin a, 
0 P8 Y 5 sin “S 

P& 


pY cos a 


&X 


0 

P& 


Y cos a 


1 - 


1 - 


1 - 


Y 8 

oos 

a 5. 

Y 

sin 

a. 

Y 8 

sin 

“6, 

V 

cos 

a 

Y S 

cos 

“5- 

V 

sin 

a 


dz 


dz 


dz 


p 5 V 5 cos 05 \ Yq sin ctg y 
\ 

pY cos a 


p 6 Y s cos Oq/ _ 


dz 




_^I^ n _2n\dz 

P B V 5 sin a b J 


JO 



where (see fig- 2) 




u x Y cos a 
V as Y Bin a 


If a is independent of z 5 then = 0 = 9 - Q c e and s’" *6 lT *» &*. 

a j * yy yx jC y 

Equation (13b) then bee ernes 


/ TT . n ?W« 1 i^Qo\ r> 1 *\ „ / TY - *i \ 

oy + Q I a + H - V + <J \ + . JOT + 0 / a. + J. ~ O + _i_ ~ O + ^ '' 1 ~0 | 

Sa y u B &x p s dx J Ug jdy l u 5 dy v 5 dy + dy y 


An-, \ 


OX 


PgV 


or 


3 « + VB ^ 9 j. Q I 
V* + — «r“ T o 

Ox u s Oy 


f 5 * g ^ U S + i. & + ? & H + I ^ u 5 1 *8 1_ SP5 \ _ T ox 

^ u 5 ^ pB dx ug u& 3 y 115 dy u§ pg dy pgiig^ 


Inasmuch as Vg = Y S sin a. Tig = Yg cos t qx ~ T o G0S a i and if a is made independent 
of x and y as well as of z, it follows that; 


I 
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TT j. 1 SVr 


1 dVf 


?ifl. ./waO dVft . . .. 

^ cob a + -—• sin a + e l oob a + "''' - - — - sin a + ~- sin a 

dx Sy \ V B Si V 8 Sy V B Sy 


1 dpg i dpg . 


+ — *r— oos a + -=- sin a 

Pg ox P& oy J Pg V 5~ 


Hote that 


and therefore 


003 a + - sin a = • — - - 

Si dy da 


as , „[I + 2 ff 6 , 1 ^8 I T c 


da 


+ 6 


V s de p B 


ds / p & V & 


(15) 


Equation ( 15 ) is the boundary-layer momentum equation for two-dimensional garapresslble flow 
(reference 4). By the name method it can be shown that equation (l4b) also’ reduces to 
equation (15) when the flow is two dimensional* 
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Seduction of Equations ( 13 b) and (l4b) to the Boundary- 
Layer Momentum Equation for Radial Flow 

When the flow over a flat or slightly ourved plate is such 
that all the velocity vectors point away from a common line 
perpendicular to the plate, the flow is called radial flow outward 
from the origin. When all the velocity vectors point toward a 
common line perpendicular to the plate, the flow is called radial flow 
inward to the origin. For such flows the momentum equations (13b) 
and (14b) reduce to a simple form. 

In order to obtain the boundary-layer momentum equation for 
radial flow, the x-exis is taken along one of the radial lines and 
the y-axls is taken at right angles to it (fig. 3)» Equation (13b) 
or (l4b) is used together with. 


u & - Vg cos a 
v 5 = Vg sin a 

In this case a, = a(x,y) and, therefore, 

sin a = £ 
r 

cos a = - 
r 

5a _ oos a 
Sy r 

da _ sin a 
r 

r = ^7? 


When these relations are used, the expressions for the velocity 
derivatives become: 
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3u s _ 3V S 
3s 3s 


cos a + Vr 

v v» 


is = HZ* oos a - Y s s lR - a ... G - ° . B -^ 

3y 3y r 


i& = js sl - n a _, v a l n u ct ^ 0 B_ a 
3x . 3x r 


sir & + Yg 

ay ay r 


Substituting these expressions into equations ( 13b ) or (14b) and 
collecting terms results in 


U-- 


M + el 5J^f£ + i ^ + i 

dr \ Tg dr pg dr 


PS V 5 


■2 


(16) 


with r > 0, where dr and.. Yg are positive in the direction away 
from, the origin. Equation (l6) is the boundary-layer momentum 
equation for radial flow. 

When the flow is radial and into the origin, it is sometimes 
more convenient to write the momentum equation in a form, in which 
the velocity is considered positive when directed toward tho origin 
and in which the radial distanoe increases in a positive sense 
toward the origin. This form, may .be obtained by making the 
substitutions 

‘ H = % 

' 6 = ®1 

v 6 = -y 6i ' ■ ■ ' ’ 

: P5 = PS^ 

T ° = - r 'o ± •' 

’ ' ‘ r = r o ~ *1 • 


co\ca 
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in equation (l 6). The result is then. 


“i * 9 J 5 l±£ fh * ^ + 

-‘-I rr J a 


°1 


dr l ~\ % dr l Poi dr l *l~*o j P&V 


(1YJ 


where r 0 > 


Comparison with'Kehl‘s Equations for Plows in 
Converging and. Diverging Channels 


It may he noted that equation (l 6 ) is also the momentum 
equation for the boundary layer on the part of the wall of a two- 
dimensional diverging channel over which the flow is radial. 
Equation (l 6) is thus applicable to tho flow shown in figure 4 
when the origin of the coordinate system of figure 3 is placed 
at the point where the radially directed streamlines of figure 4 
would intersect if projected. In order to obtair* the equation 
given by Kehl (reference 8), it is assumed that the density is 
aonstant and that the distance r is measured along the center 
line (fig. 4). Equation (l6) then becomes 


de 

dx 


+ 9 



P6 U 6 


which is the equation given by Kehl for the flow in a two— dimensional 
diverging ohannel. 


Similarly, equation (17) is also the momentum equation for the 
boundary layer on the part of a wall of a two-dimensional converging 
ohannel over whioh the flow is radial. The flow shown in figure 5 
may be then described by equation (17) frith the use of the coordinates 
r Q and r^, as shown in figure 5 . If it is assumed that the 

density is constant and if the distance r is measured along the 
center line, equation (17} becomes 


d03_ 

dxi 


+ ®i 



■U 8l fflCj. 

which is the equation by Kehl for flow in a converging channel. 
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CONClIJSIOHS 


Three-dimensional boundary-layer momentum equations for" a 
fluid with variable density and viscosity are presented in a form 
s imila r to the momentum equation for two-dimensional flew. The 
momentum equations can be reduced to the forms of the three— 
dimensional momentum equations that have been given recently by 
Prandtl'for a fluid With ‘ o onstant density and viscosity. When .the 
flow beo ernes two dimensional, the momentum equation first given by 
von Karman results. . For flow in a convergent or divergent channel 
the equations reduce t.d the equations previously given by A. Kehl 
‘for a fluid with constant density and viscosity. 


Langley Memorial Aeronautical Laboratory 
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Figure 4.- Coordinate system for flow In a diverging channel 





